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1.0  INTRODUCTION 
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For  missile  seeker  radars,  the  use  of  mechanically  scanned  antenna 
systems  becomes  increasingly  difficult  as  the  requirements  for  the  aero- 
dynamic and  electrical  performance  of  missiles  become  more  demanding.  One 
possible  alternative  to  the  use  of  mechanically  scanned  antennas  lies  in  the 
direction  of  flush-mounted  slot  antenna  systems  on  metallic  cones  or  ogival 
surfaces.  These  antenna  systems  would  be  inertialessly  scanned  in  the  re- 
quired directions.  Since  scanning  over  a wide  angular  region  is  desired,  the 
radiation  characteristics,  including  the  effects  of  mutual  coupling  on  the 
radiating  elements,  must  be  investigated  before  the  more  detailed  system 
aspects  are  considered.  Those  aspects  of  the  problems  that  involve  the 
antenna  radiation  characteristics  have  been  examined. 

For  the  purposes  of  this  program,  representative  radiators  integral 
with  the  surface  of  a 20°  full  angle  cone  were  chosen  as  the  model.  The 
study  has  included  a theoretical  investigation  of  the  radiation  characteristics 
of  circumferential  and  radial  slots  on  the  cone.  X-band  was  chosen  as  the 
system  frequency. 

Exact  modal  analyses  have  been  implemented  to  compute  patterns  of 
circumferential  and  radial  slots  on  cones.  The  computed  patterns  have  shown 
excellent  agreement  with  measurement  of  an  experimental  model  with  both 
types  of  slots.  The  relatively  slow  convergence  of  the  modal  series  and 
associated  computational  difficulties,  however,  limit  the  applicability  of 
the  technique  to  slots  relatively  close  to  the  tip  of  the  cone.  In  addition 
to  the  exact  technique,  various  approximation  techniques  have  been  examined 
for  use  in  pattern  calculations  and  in  impedance  calculations.  These 
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include  the  approximate  asymptotic  approach  and  the  equivalence  principle 
technique.  The  approximation  techniques  provide  simplified  computations  as 
compared  with  the  exact  technique,  and  are  not  applicable  to  all  conditions. 

A combination  of  exact  and  approximation  techniques  is  generally  required  to 
design  or  analyze  an  array. 

The  approximate  asymptotic  approach,  which  allows  the  separation  of 
the  diffracted  field  and  geometrical  optics  field,  has  been  examined  in 
detail  and  the  results  were  presented  in  the  Final  Report  on  Contract  No. 
N00019-74-C-0127  (Bargeliotes,  Villeneuve,  and  Rummer,  1975)  and  Final  Report 
on  Contract  No.  N00019-75-C-0160  (Bargeliotes,  Villeneuve,  and  Rummer,  1976). 

The  investigation  of  the  technique  has  been  continued  during  this  period. 

It  appears  that  the  asymptotic  representation  of  the  Legendre  function  chosen 
for  the  analysis  leads  to  divergent  expressions  as  the  mode  number  m is 
increased,  and  hence  limits  the  usefulness  of  the  asymptotic  approach  in 
the  present  problem.  The  computed  radiation  patterns  of  several  azimuthal 
modes  presented  in  Section  2 verify  the  divergent  nature  of  the  asymptotic 
expression. 

The  direct  synthesis  of  radiation  patterns  of  arrays  on  conical  or  other 
more  generally  curved  surfaces  is  a difficult  problem.  However,  the  application 
of  an  equivalence  principle  allows  the  synthesis  to  be  carried  out  by  using 
a convenient  reference  source  located  within  the  curved  surface  and  by  deter- 
mining the  fields  of  the  reference  source  over  that  surface.  From  these 
fields  equivalent  sources  on  the  surface  can  be  determined.  A computer 
program  is  being  developed  to  apply  this  technique  to  a conical  surface.  The 
new  program  will  employ  an  improved  element  pattern  over  versions  with  an  array 
lattice  identical  to  that  used  by  the  companion  program  for  phase  and  polarization 


quantization. 
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Radiation  patterns  from  slot  configurations  on  cones  have  also  been 
computed  by  a conical  array  computer  program  in  which  continuously  variable 
phase  shifts  and  continuously  rotatable  polarization  have  been  introduced. 

Since  real  devices  are  usually  digital  in  nature,  digital  devices  appear  to  be 
likely  candidates  for  use  in  a practical  conical  array.  Accordingly,  the 
computer  program  was  modified  to  employ  digital  phase  and  polarization  control 
and  a series  of  patterns  were  computed  and  compared  with  those  obtained  for 
the  continuously  variable  case. 

The  design  of  a conformal  array  on  a cylindrical  or  a conical  surface 
requires  knowledge  of  the  mutual  admittance  of  slots  on  such  surfaces. 
Expressions  for  mutual  coupling  of  dominant  mode  slots  on  a conducting 
cylinder  suitable  for  numerical  computations  have  been  found  by  the  harmonic 
series  by  Golden,  Stewart  and  Pr idmore-Brown  (1974) . Since  the  harmonic  series 
results  in  precise  calculations  of  mutual  coupling  for  the  cylinder,  the 
cylinder  is  taken  as  the  test  model  for  other  configurations. 

For  example.  Golden,  et  al.,  have  extended  the  harmonic  series 

(analysis  of  the  cylinder  to  predict  mutual  coupling  of  slots  on  a conical 

suiTa^e  for  certain  geometries.  This  is  done  by  adding  the  tip-diffraction 
effects  of  the  cone  tip  to  results  obtained  from  an  equivalent  cylindrical 
model  of  the  slots  on  the  conical  surface.  The  equivalent  cylinder  has 


a radius  equal  to  the  radius  of  the  circular  cross  section  of  the  cone  midway 
between  the  two  slot  antennas. 

The  harmonic  series  as  formulated  by  Golden,  et  al.,  contains  a non- 
integrable  singularity  and  in  actual  numerical  calculations  a small  loss 
tangent  must  be  assumed  in  the  expressions  for  the  propagation  constant  for 
free  space.  The  applicability  of  the  harmonic  series  is  also  limited  to 
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relatively  small  axial  slot  separations  since  the  expression  is  highly 
oscillatory  for  large  slot  separations.  An  alternative  modal  solution  for 
mutual  admittance  has  been  obtained  by  Lee  (1976)  from  the  harmonic  series, 
cast  in  a form  that  does  not  require  the  introduction  of  small  loss.  The 
integrand  of  the  alternative  modal  expansion  decays  exponentially  for  large 
slot  separations  instead  of  being  highly  oscillatory;  however,  the  expansion 
is  not  valid  when  the  axial  separation  of  the  slots  is  zero.  Thus  the 
self-admittance  cannot  be  obtained.  Preliminary  calculations  using  the 
alternative  modal  expansion  indicate  excellent  agreement  with  the  harmonic 
series  calculations  even  for  small  axial  slot  separations. 


2.0  RADIATION  PATTERNS  OF  SLOTS  ON  CONES 


Radiation  patterns  of  circumferential  slots  on  cones  have  been  computed 
by  the  exact  modal  series  and  are  used  to  check  the  accuracy  of  computation 
of  similar  radiation  patterns  by  approximate  methods.  The  approximate 
asymptotic  approach,  for  example,  allows  the  separation  of  the  diffracted 
field  and  the  geometrical  optics  field.  The  diffraction  field  is  expressed 
in  terms  of  diffraction  coefficients  which  are  only  a function  of  the  angular 
coordinates  and  do  not  depend  on  the  radial  location  of  the  radiating  element. 

The  diffraction  field  of  any  element  location  is  found  by  taking  the  product 
of  the  diffraction  coefficients  and  a simple  factor  containing  the  information 
about  the  location  of  the  radiating  element.  In  the  following  sections,  computed 
total  and  mode  radiation  patterns  from  the  approximate  asymptotic  approach  are 
compared  with  corresponding  patterns  from  the  normal  mode  series.  The  ap- 
plication of  the  equivalence  principle  in  radiation  pattern  computation  is 
also  discussed.  In  section  2.3,  the  effect  of  phase  and  polarization 
quantization  on  the  performance  of  a conical  array  are  presented. 

2 . 1 Mode  Fields  of  Cl r c urn f_e rential  Slots  on  a Cone 

The  total  radiation  patterns  of  the  modal  series  have  been  compared 
with  measurement  data  of  an  experimental  model  and  are  in  good  agreement. 

The  modal  series  radiation  patterns  were  also  compared  with  corresponding 
patterns  from  the  asymptotic  method  and  showed  good  agreement  as  long  as  only 
the  first  few  modes  of  the  asymptotic  method  were  summed.  As  more  modes 
were  considered  in  the  computations,  the  values  for  the  fields  from  the 
asymptotic  method  increased  rapidly  over  most  of  the  range  of  9,  rendering 


the  asymptotic  method  quite  inaccurate.  After  further  computations  and 
examination  of  the  asymptotic  field  expressions,  it  became  evident  that 
all  three  types  of  fields  (optical,  transition  and  diffracted)  diverge  with 
increasing  mode  number.  This  behavior  precludes  the  accurate  computation 
of  patterns  by  redefining  the  diffraction  coefficients  or  eliminating  the 
diffraction  coefficients  and  corresponding  singularities  of  the  transition 
fields  for  higher  order  modes  altogether.  Since  the  modal  field  is  obtained 
by  summing  the  optical,  the  transition  and  the  diffracted  fields  for  each  mode, 
the  optical  field  must  also  be  convergent  with  m if  the  approximate  mode  field 
is  to  be  identical  to  the  normal  mode  series  mode  field  of  the  same  mode. 
However,  it  may  still  be  possible  to  use  the  diffraction  and  transition  fields 
of  the  first  few  modes  and  to  neglect  the  remaining  modes.  It  may  then  be 
possible  to  combine  these  diffraction  and  transition  fields  of  the  first  few 
modes  with  the  results  of  the  geometrical  theory  of  diffraction  to  obtain 
approximate  patterns.  The  reason  for  this  may  be  seen  by  examining  the  exact 
modal  fields.  It  is  apparent  that  the  effects  of  diffraction  are  significant 
only  in  the  first  few  modes  and  the  exact  modal  fields  themselves  decrease 
rapidly  in  the  transition  region  (9«ir-90).  Therefore,  the  higher  order 
diffraction  and  transition  modes  are  not  significant.  Thus  they  may  be 
neglected,  and  the  fact  that  the  asymptotic  expressions  for  these  fields  give 
incorrect  results  does  not  matter,  since  it  is  not  necessary  to  use  them  to 
approximate  the  radiation  patterns. 

The  exact  modal  fields  were  examined  by  observing  the  relative 
magnitude  of  each  mode  prior  to  sequential  summation.  The  unnormalized 
mode  fields  of  the  first  few  modes  of  the  modal  series  are  shown  in  Figures  2 


(A) 

and  3 for  the  0-polarization  and  Figures  4 and  5 for  the  ^-polarization. 

For  the  Eg  component  the  mode  field  drops  off  quite  rapidly  as  m increases  and 

is  of  significance  only  at  the  broadside  region  (0  = 80°).  The  m = 5 mode, 

for  example,  has  an  average  value  of  about  -24  dB  from  0 = 40°  to  9 =140°  and 

about  1 dB  ripple  from  9 = 40°  to  9 = 70°.  Outside  this  range  of  theta,  this 

mode  contributes  very  little  to  the  total  field.  Likewise,  the  effect  of  the 

higher  order  modes  becomes  less  important  except  near  the  broadside  region. 

Thus,  the  higher  order  modes  can  be  eliminated  from  the  computations 

completely,  except,  perhaps,  at  the  broadside  region.  The  component  mode 

fields  show  similar  sharp  drop-off  as  the  Eg  component  near  the  9 = n - 9q 

and  near  the  9=9  regions.  All  modes  show  a minimum  in  the  vicinity  of 
o 

0 = 90°.  Below  9 = 25°,  the  contribution  of  the  modes  to  the  total  field 
is  decreasing  witn  increasing  mode  number  nu  At  9 = 165°,  the  m = 3 mode  seems 
to  contribute  the  greatest  amount  to  the  total  field.  The  m = 7 mode  is  at 
a level  of  approximately  -30  dB  throughout  the  whole  range  of  9. 

In  Figures  3 and  5,  the  mode  field  of  m = 9 as  computed  from  the 
asymptotic  expressions  is  also  shown  for  the  Eg  and  E^  components,  re- 
spectively. It  is  evident  from  the  curves  that  the  EQ  mode  field  from  the 

o 

asymptotic  expressions  is  approximately  25  dB  avove  the  modal  series  field 
at  the  broadside  region  and  considerably  higher  everywhere  else.  Similar 
behavior  Is  noted  for  the  E^  mode  fields  of  Figure  5 except  the  difference 
between  the  two  different  patterns  at  the  broadside  region  is  not  as  great. 

Mode  fields  from  the  asymptotic  expressions  were  also  computed  with  only  the 


(A)  The  usual  spherical  coordinate  system  is  employed  as  shown  in  Figure  1. 


Figure  1.  Conical  Geometry  and  Slot  Coordinates 
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first  terra  in  the  approximate  representation  of  the  Legendre  function,  but 
the  convergence  problem  was  not  improved  significantly.  The  m = 9 mode 
field  was  also  computed  by  a direct  Cesaro  sum  of  the  series  in  the  dif- 
fraction coefficients  and  without  the  singularities  of  the  zeroth-order 
and  first  order  transition  field  functions  T(u)  and  U(u).  Again  the  computed 
mode  field  using  asymptotic  expressions  did  not  approach  the  field  obtained 
from  the  normal  mode  series. 

2 . 2 Application  of  Equivalence  Pr inc_i£l_e 

A computer  program  is  presently  being  written  to  obtain  approximate 
radiation  patterns  from  slot  arrays  on  cones  using  the  equivalence  principle. 
This  program  is  a modification  of  a Basic  language  program  developed  previously 
(Kummer,  et  al.,  1973).  It  will  use  an  improved  approximation  for  the  slot 
patterns,  similar  to  that  used  in  the  computation  of  the  array  patterns  pre- 
sented in  this  report.  The  reference  patterns  that  will  be  approximated  in 
the  application  of  the  equivalence  principle  will  be  those  of  a planar  array 
that  would  fit  within  the  cone.  This  choice  of  reference  pattern  insures 
that  the  conformal  surface  is  sufficiently  large  to  be  capable  of  providing 
a good  approximation  to  the  reference  pattern.  The  difference  between  the 
synthesized  pattern  and  the  reference  pattern  should  then  result  mainly 
from  the  discreteness  of  the  excitation  on  the  cone  and  from  the  use  of  approxi- 
mate slot  patterns.  If  exact  patterns  of  the  slot  were  used  the  pattern  dif- 
ference would  be  essentially  due  to  the  discreteness  of  the  excitation. 

The  program  will  be  capable  of  orienting  the  reference  pattern  in  any 
direction  from  the  tip  direction  to  normal  to  the  tip  direction  and  of 
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adjusting  the  polarization  at  any  angle  from  vertical  to  horizontal.  Thus, 
the  capability  of  the  conformal  array  to  steer  a beam  of  fixed  beamwidth  will 
be  demonstrated  and  at  the  same  time  excitations  required  to  provide  such 
operation  will  be  determined. 

2.3  Quantization  Effects  on  Conical  Array  Performance: 

The  conical  array  computer  program  that  has  been  used  previously  to 
compute  patterns  from  several  slot  configurations  on  cones  has  been  modified 
to  simulate  the  use  of  digital  phase-shifters  and  digital  polarization- 

"k 

rotators.  In  its  original  form  of  the  program,  the  polarization  of  each 
element  was  rotated  in  such  a way  that  no  cross-polarized  energy  was  radiated 
by  any  element  in  the  direction  of  the  peak  of  the  beam.  This  condition, 
of  course,  can  in  general  be  met  at  only  one  point  in  the  far-field  patterns, 
and  cross-polarized  energy  will  exist  elsewhere.  Even  satisfying  the  condition 
at  the  peak  of  the  beam  in  a practical  antenna  using  crossed  slot  (or  equiv- 
alent) elements  requires  the  use  of  a continuously  adjustable  variable  power 
divider  between  the  two  orthogonal  parts  of  each  element. 

The  phase  shifters,  as  well  as  the  polarization  rotators,  will  be  digital 
devices  in  conical  array  systems.  Modifications  made  in  the  program  allow 
quantization  at  any  number  of  bits  desired  in  either  the  phase  shift  or  the 
polarization  rotation.  With  these  modifications  a series  of  patterns  has 
been  computed.  In  most  of  the  computed  patterns,  4-bit  devices  have 

* The  listing  of  the  program  and  an  explanation  of  many  of  its  parameters 
„may  be  found  in  Appendix  A of  the  Jan  1,  to  April  1,  1973  Quarterly  Report, 
Dynamic  Impedance  Matching  in  Conformal  Arrays",  Contract  U00019-73-C-0127 . 

The  Final  Report,  "Conformal  Antenna  Arrays  Study",  Contract  N00019-72-C-0212, 
January  1972  to  January  1973,  has  a compilation  of  many  of  the  computed 
patterns. 
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been  assumed  for  each  function;  however,  some  of  the  results  indicate  that 
3 hits  may  be  adequate  for  the  phase  shifter.  In  a composite  digital  phase- 
shifter/polar  izat  ion-cotator  described  in  the  Appendix,  two  3-bit  digital 
phase  shifters  in  a parallel  arrangement  produce  both  the  effects  of  a 4-bit 
digital  polarization-rotator  and  a 3-bit  digital  phase-shifter.  The  patterns 
resulting  from  the  use  of  this  device  have  not  yet  been  simulated  in  the 
computer  program. 

The  element  configuration  used  for  computing  this  series  of  patterns 
had  a total  of  432  crossed  slots.  Their  phase  centers  were  arranged  in  a 
staggered  fashion  similar  to  that  shown  in  Figure  6 with  the  exception  that 
48  generatrices  were  used  instead  of  32  to  bring  the  elements  closer  together 
in  the  circumferential  plane.  The  generatrices  in  the  432  element  config- 
uration are  spaced  7.5°  apart  in  0 starting  at  3.75°. 

It  is  apparent  from  Figure  6 that  if  the  beam  is  pointed  in  a direction 
in  i that  is  coincident  with  one  of  the  generatrices  that  the  elements  will 
tend  to  be  symmetrically  disposed  in  relation  to  the  beam  pointing  direction. 
Symmetry  also  tends  to  hold  if  the  beam  is  poxnted  half-way  between  two 
generatrices,  although  to  a lesser  degree.  Calculations  to  observe  the 
effects  of  polarization-rotation  quantization  showed  that  these  symmetries 
tended  to  mask  the  expected  degradations  in  pattern  characteristics.  In  an 
effort  to  avoid  the  symmetries,  and  to  calculate  the  worst  case,  beam  pointing 
directions  in  were  chosen  that  differed  from  the  angles  of  the  generatrices 
by  1/4  of  the  angular  separation  between  generatrices.  Four  such  angles  were 
determined  and  used  for  computing  a series  of  patterns.  The  angles  were 
i> o " 5.625°,  9.375°,  13.125°,  and  16.875°,  and  encompass  a variety  of 
asymmetries  that  should  include  the  worst  case. 

* In  this  section  9,0,  refer  to  the  beam  pointing  directions, 
o o 


A scan  angle  of  9^  = 31.0°  was  chosen  as  being  a typically  difficult 
beam  pointing  direction  for  the  conical  array.  9o  was  held  at  this  value 
for  each  of  the  four  scan  angles  in  4 mentioned  above.  For  each  bean  pointing 
direction  in  (S  a series  of  8 patterns  was  computed.  Four  of  these  were  4 
cuts  (4  = constant)  for  a 9 polarized  array  and  produce  difference  patterns 
in  the  longitudinal  plane.  Four  of  them  were  T cuts  withT**  90°  for  a 4 
polarized  array  produce  difference  patterns  in  the  circumferential  plane. 

(See  Figure  17).  Of  the  four  patterns  for  each  cut,  one  was  a reference 
pattern  with  neither  polarization-rotation  nor  phase  quantization,  one  had  4-bit 
polarization-rotation  quantization  only,  one  had  4-bit  phase  quantization  only 
and  the  last  one  had  both  4-bit  polarization-rotation  and  4-bit  phase 
quantization. 

The  results  of  these  patterns  are  summarized  in  Tables  I through  IV. 

In  the  tables  four  quantities  are  recorded  for  each  pattern,  (1)  the  sum 
pattern  nominal  gain  (the  values  given  are  relative  gains  only  and  are  not 
intended  to  give  an  accurate  estimate  of  array  gain),  (2)  sum  pattern  1st  side- 
lobe  level  (or  shoulder,  in  some  cases),  (3)  sum  pattern  cross-polarized 
component  (this  is  the  highest  value  attained  anywhere  throughout  the  pattern 
and  is  given  in  dB  below  the  peak  of  the  sum  pattern),  (4)  the  difference 
pattern  null  depth  (also  in  relation  to  the  peak  of  the  sum  pattern). 

A survey  of  the  results  shows  that  quantization  effects  are  not  severe, 
especially  with  regard  to  the  degradation  of  the  null-depth  of  the  difference 
patterns.  The  null  depths  are  consistently  lower  for  the  4 cuts  than  for  the 
Tcuts  for  reasons  that  are  not  clear.  Computer  round-off  error  as  well  as 


* In  this  section  90,  4 q,  refer  to  the  beam  pointing  directions. 


the  different  principal  polarizations  of  the  two  cuts  may  be  factors.  The 
computer  program  needs  to  be  further  modified  so  that  it  will  compute  dif- 
ference patterns  in  both  principal  planes  for  either  9 polarized  or  i> 
polarized  arrays. 

The  tables  show  that  phase  quantization  at  4 bits  has  very  little  effect 
on  the  patterns.  It  shows  up  mostly  on  the  Is.  sidelobe  level,  and  in  the 
cross-polarized  component.  It  appears  that  3-bit  phase  shifters  may  be 
adequate  for  this  array  with  its  relatively  large  number  of  elements. 

A complete  set  of  patterns  for  the  lQ  * 9.375°  beam  pointing  direction 
is  given  as  being  representative  of  the  4 sets.  They  are  presented  in 
Figures  18  through  33  at  the  end  of  the  Appendix.  A study  of  these  patterns 
indicates  that  degradation  due  to  quantization  of  the  polarization-rotation 
and  phase  shift  is  not  severe. 


Table  I.  Effect  of  Quantization  of  Polarization  Rotation  and  Phase  Shift  on  Conical  Array  Performance: 


Table  II.  Effect  of  Quantization  of  Polarization  Rotation  and  Phase  Shift  on  Conical  Array  Performance: 


Table  III.  Effect  of  Quantization  of  Polarization  Rotation  and  Phase  Shift  on  Conical  Array  Performance: 


Difference  Pattern  -49.26dB  -45.59dB  -49.26dB  -45.59dB 

Null  Depth 


Table  iv.  Effect  of  Quantization  of  Polarization  Rotation  and  Phase  Shift  on  Conical  Array  Performance: 
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3.0  MUTUAL  COUPLING  CALCULATIONS  OF  NARROW  CIRCUMFERENTIAL 
SLOTS  ON  A CYLINDER 


Expressions  for  the  computation  of  mutual  coupling  between  circumferential 
slots  on  a cylinder  have  been  found  in  terms  of  cylindrical  harmonics  by  Golden, 
et  al.  The  harmonic  series  results  in  precise  calculation  of  mutual  coupling 
between  two  slots  on  a cylinder  and  it  can  be  used  to  check  results  from 
approximate  asyptotic  expressions  using  the  Geometrical  Theory  of  Diffraction. 
The  pertinent  geometry  of  the  circumferential  slots  on  the  cylinder  is  shown 
in  Figure  7. 


Figure  7 • Circumferential  Slots  on  the  Surface  of  a Cylinder. 


The  harmonic  series  has  been  used  to  calculate  self  and  mutual  admittance  of 


circumferential  slots  on  a cylinder.  The  results  of  computations  for  two 
different  types  of  slots  are  presented  in  the  following  section.  In  section 
3.2,  some  preliminary  results  of  the  behavior  of  the  input  admittance  of  a 
slot  in  a planar  array  environment  are  presented. 

3.1  Mutual  Admittance  Calculations  of  Circumferential  Slots. 

In  he  harmonic  series  approach,  the  stationary  formula  for  self  and 
mutual  admittance  of  two  slots  is  expressed  in  terms  of  the  Fourier  transforms 
of  the  surface  magnetic  field  and  the  assumed  dominant  mode  aperture  electric 
field,  Ez  - VQ  V aF  cos  ^J-,  where  VQ  is  the  terminal  voltate  and  a,b  are  the 
dimensions  of  the  waveguide,  as  shown  in  Figure  7. 

The  admittance  between  the  two  slots  is  given  by  equation  (8)  of  Golden, 
et  al. , (1974)  as 

oo 

Y * a b f°°  \ ^ <J/(m,k  ) Y(m,k  ) e (kzZo+  dk  (1) 

ij  . 2 Z-f  Z Z 2 

M7T  PoJ_  oo  ra*-oo 

where  <//(m,k_),  and  Y(m,k  ) are  given  below  equation  (8).  The  quantity  z is 
the  axial  separation  of  the  slots  and  4Q  is  the  azimuthal  slot  separation. 

As  it  can  be  seen  from  equation  (l)  the  integration  with  respect  to  k2  is  of 

— 4k  2 

infinite  range  and  the  exponential  factor  e ° ° is  highly  oscillatory  for 
large  axial  separations.  The  above  characteristics  limit  the  usefulness  of 
the  expression  for  mutual  admittance  calculations  to  axial  slot  separations 
of  a few  wavelengths. 
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The  computer  program  describing  the  harmonic  series  has  been  used  to 
compute  mutual  admittance  of  two  circumferential  slots  on  the  cylinder  as  a 
function  ot  axial  and  azimuthal  slot  separations  for  cylinder  radii  of  1.991", 
3.777"  and  6.0".  The  original  computer  program  has  been  modified  in  some 
respects  and  has  been  excuted  successfully  on  the  Control  Data  Corporation 
7600  computer.  Initial  computations  were  made  with  a 0.69A  x 0.31A  rectangular 
slot  at  9 GHz. 

The  programmed  expressions  have  been  normalized  to  the  characteristic 
admittance  of  the  feed  waveguide, 

TT  1/2 

1 - <e^t>  * where  Yo  = ^Olvo) 

and  k is  the  free  space  wavenumber.  The  integration  is  performed  over  the 

o 

normalized  independent  variable  range  of  0<kz/kc<:  4 since  the  expression 

for  Y. . is  an  even  function  of  k . The  sufficiency  of  the  integration  range 
1 J z 

is  determined  by  looking  at  the  self  or  mutual  admittance  calculations  starting 

at  a specified  value  of  k /k  and  noting  the  change  in  its  value  as  the  in- 

z o 

tegration  range  is  extended  incrementally.  For  the  cases  considered  here, 
i.e.,  cylinder  radii  R = 1.991",  R = 3.777"  and  R = 6.0",  the  integration  range 
extends  to  k. ^ /1<0  = for  the  last  case.  The  convergence  of  the  harmonic  series 

is  similarly  checked  by  noting  the  change  in  the  admittance  as  the  number  of 
terms  in  the  series  is  increased  for  the  specified  integration  range.  It  was 
found  that  approximately  70  terms  were  required  for  proper  convergence  of  the 
harmonic  series.  For  larger  cylinders  both  the  integration  range  and  the  number 
of  terms  in  the  series  may  have  to  be  increased. 

l/hen  k^  = k^, non-integrable  singularities  are  introduced  in  the  expression 
of  Y(m,k_^)  of  equation  (1).  Because  of  these  singularities,  it  is  necessary  to 
assume  that  free  space  has  a small  loss  tangent. 

* Original  program  courtesy  of  Dr.  Gordon  Stewart,  Aerospace  Corporation, 

El  Segundo,  California 


Variation  in  this  loss  tangent  produces  small  changes  in  Y^  which  are  neg- 
ligible. For  small  separations,  Y^2  *s  unaffected  by  the  loss  tangent,  but  for 
larger  angular  and  axial  separations  the  loss  tangent  can  affect  Yj2  signif- 
icantly. Figure  8 shows  the  effect  of  the  assumed  free  space  loss  tangent  on 
the  calculated  self  and  mutual  admittance  for  a 6"  redius  cylinder  and  axial 
slot  separation  of  16  inches. 

Table  V shows  calculated  values  of  self  and  mutual  admittance  of  slots 
on  a 6"  radius  cylinder  with  16  inches  of  separation.  The  integration  range 
is  divided  into  two  sub-ranges,  and  kz2  with  corresponding  step-size 
Ak^  and  Ak^-  In  the  present  calculations  k^has  been  specified  at  1.5 

.and  Al*^2  As  can  be  seen  from  the  tabulated  values,  the  admittance 

values  are  changed  significantly  when  the  step  size  is  reduced  by  25%  for  a 
specific  number  of  modes  in  the  series.  The  tabulated  data  also  show  the 
effect  of  the  assumed  loss  tangent  of  free  space. 

Mutual  admittance  values  between  circumferential  slots  as  a function 
of  axial  separation  are  shown  in  Figure  9 for  the  cylinder  radii  indicated. 
Phase  angle  data  are  tabulated  in  Table  VI.  It  is  evident  from  the  curves  from 
the  Stewart-Golden  program  that  the  coupling  is  increasing  with  increasing 
curvature . 

Calculated  values  of  mutual  coupling  coefficients  for  the  circumfer- 

it 

ential  slots  considered  are  shown  in  Table  VII  together  with  measured  values 
for  the  R = 1.991"  case.  Measured  and  calculated  values  are  in  very  close 
agreement.  It  is  concluded  that  the  computer  program  gives  accurate  results 
for  up  to  six  Inches  of  axial  slot  separation. 


* Courtesy  of  Dr.  Gordon  Stewart,  Aerospace  Corporation,  El  Segundo  , California 


Mutual  Admittance  as  a Function  of  Assumed  Free  Space  Loss  Tangent 
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Table  VI.  Mutual  Admittance  Computations  of  Circumferential  Slots 
on  a Cylinder  (f  * 9 GHz,  X * 1.3113  in.,  i • 0°). 


20  log  |S.J 

20  log  | 

S12^ 

z in. 

o 

R-1.991" 

Calculated 

R*=1.991" 

Measured 

R=3. 777" 
Calculated 

R=  6.0" 
Calculated 

0.5 

-13.29 

-13.1 

-13.36 

-13.41 

1.0 

-17.12 

-17.3 

-17.36 

-17.48 

1.5 

-20.1 

2.0 

-22.18 

-22.2 

-22.68 

2.5 

-23.8 

3.0 

-25.26 

-25.1 

-25.94 

3.5 

-26.3 

4.0 

-27.31 

-27.5 

-28.16 

-28.53 

5.0 

-29.06 

-30.04 

5.5 

-29.71 

-29.9 

6 

-30.35 

-31.44 

7 

-31.47 

-32.67 

8 

-32.59 

-33.92 

9 

-33.37 

-34.75 

-35.38 

12 

-37.90 

16 

-37.65 



-40.34 

Table  VII.  Calculated  and  Measured  Mutual  Coupling  of  Circumferential  Slots 

on  a Cylinder  at  9 GHz. 


The  mutual  coupling  calculations  with  the  0.69X  x 0.31X  slot  indicated  that 
a stronger  coupling  exists  between  two  circumferential  slots  displaced  along 
the  Z - axis  than  between  corresponding  slots  on  a planar  surface.  To  further 
substantiate  this  phenomenon,  additional  computations  were  made  using  a narrow 
half-wavelength  slot  (0.5X  x 0.01X)  at  9 GHz.  The  narrow  slot  was  proposed  by 
Hansen  (1976),  since  such  a slot  is  more  representative  of  the  type  of  slots 
used  in  many  slot  arrays. 

Additional  constraints  on  the  computer  program  are  imposed  for  this 
calculation.  For  example,  the  narrow  slot  requires  considerably  more  modes 
in  the  harmonic  series  before  convergence  of  the  series  is  realized.  Also,  the 
integration  range  must  be  extended.  The  integration  range  required  was  again 
determined  by  observing  the  change  in  the  calculated  self  admittance  or  mutual 
admittance  as  the  integration  range  was  extended  incrementally  past  a specified 
value  of  k^/k^.  Figure  10  shows  the  effect  of  the  integration  range  on  the 
self  admittance  (Zq=  0",  i 0°)  for  the  three  different  cylinder  radii 
considered.  Figure  11  shows  the  mutual  admittance  as  a function  of  the  in- 
tegration range  of  two  slots  on  a 3.777"  radius  cylinder  displaced  8"  along 
the  Z-axis.  The  oscillatory  behavior  of  the  mutual  admittance  for  large 
axial  displacements  of  the  slots  is  clearly  evident.  The  self  admittance,  on 
the  other  hand,  shows  an  asymptotic  behavior  for  all  three  cases  considered. 

As  in  the  previous  calculations,  free  space  is  assumed  to  have  a small  loss 
tangent  (tan  <5  “ 0.0025) 

Mutual  admittance  computations  for  the  narrow  slot  were  performed  with 
80  modes  in  the  modal  series  and  minimum  acceptable  integration  range.  The 
consideration  of  additional  harmonic  modes  and  extension  of  the  integration 
range  greatly  increase  the  cost  of  computation  and  seemed  unwarranted  for 


Mutual  Admittance  of  Narrow  Circumferential  Slot  as 
Function  of  Integration  Range. 


the  small  improvement  in  the  final  result  at  this  time.  Figure  12  shows  once 
again  the  stronger  coupling  between  the  axially  displaced  narrow  slots  on  the 
cylinder  with  increased  transverse  curvature  (small  radius).  This  phenomenon 
has  also  been  confirmed  by  Lee  (1976)  using  an  alternate  modal  solution  and 
also  an  asymptotic  solution.  All  mutual  admittance  results  between  narrow 
slots  are  unnormalized. 

Mutual  admittance  curves  for  axial  separations  of  0",  2"  and  A”  are  shown 
in  Figures  13,14,  and  15  for  cylinder  radii  of  1.991",  3.777"  and  6.0",  respec- 
tively. in  all  three  cases  a stronger  coupling  is  noted  for  large  azimuthal 
slot  separations  and  large  axial  separations.  This  is  opposite  to  what 
happens  for  small  azimuthal  separations.  In  the  vicinity  of  </>  = 10° 

and  particularly  for  the  Z = 0"  cases,  the  calculated  values  are  somewhat 

o 

higher  than  expected.  This  region,  however,  represents  the  condition  of  over- 


lapping slots  and  is  not  a practical  case.  For  the  cases  considered,  the 

overlapping  regions  occur  when  <J>  < 18.83°  for  R = 1.991",  6 < 9.95°  for  R=3.777" 

o — o — 

and  <>  = 6.26°  for  R = 6.0". 

o 

The  phase  information  of  the  mutual  admittance,  calculations  for  the 
different  cases  considered  is  tabulated  in  Tables  VIII  and  IX. 


Zo 

ZoA 

R = 1.991" 

R =3.777" 

R = 6.0" 

0" 

0 

- 85.89dB 

- 86 . 26dB 

- 86 . 23dB 

24° 

26° 

29° 

.5” 

0.  3813 

- 92 . 30dB 

- 92 . 83dB 

- 92. 87dB 

-79° 

-77° 

-76° 

1" 

0.7626 

- 96. 53dB 

- 97. 18dB 

- 97 . 34dB 

154° 

157° 

156° 

2" 

1.5252 

-101 . 33dB 

-102. 17dB 

-102 . 90dB 

117° 

113° 

-112° 

4" 

3.0503 

-106 . 65dB 

-141 . 71dB 

-108. 19dB 

o 

54__ 

-145° 

63° 

8" 

6. 1007 

-112.02dB 

-1 13. 65dB 

-114.42dB 

33° 

o 

o 

44° 

16" 

12.2014 

-U7.08dB 

-119. 27dB 

-120. 22dB 

-6° 

3° 

9° 

Table  VII I.  Mutual  admittance  of  . 5A  x .01A  Circumferential 
Slots  on  a Cylinder  for  <P0  * 0°. 
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TABLE  IX.  Mutual  Admittance  (Y  ) of  .5A  x .01A  Circumferential  Slot  on  a Cylinder 


3.2 


Active  Admittance  of  Flanar  Array  Elements 


In  order  to  be  able  to  select  the  most  appropriate  method  of  comput- 
ation for  a given  configuration,  it  is  desirable  to  know  what  effect  the 
accuracy  of  computation  or  measurement  of  the  mutual  coupling  has  on  the 
active  admittance  since  mutual  coupling  of  slots  on  a cylinder  can  be  calculated 
by  various  approximate  methods.  Some  methods  result  in  more  exact  calculations 
than  others;  also  the  degree  of  complexity  in  the  numerical  computations  varies 
with  the  method  selected. 

A planar  array  computer  model  of  half  height  X-band  waveguide  slots 
was  selected  for  the  admittance  calculations.  It  was  felt  that  the  result 
obtained  for  the  planar  case  would  indicate  the  accuracies  required  for  the 
cylindrical  case.  Mutual  coupling  coefficients  of  a 20  x 40  element  array 
were  computed  by  an  existing  planar  array  computer  program  assuming  dominant 
mode  incidence  on  the  aperture.  The  program  utilizes  mode  matching  techniques 
at  the  waveguide  aperture;  ten  waveguide  modes  and  forty-five  space  modes 
were  assumed  in  the  calculation.  A triangular  lattice  configuration  as  shown 
in  Figure  16  was  selected  for  the  model. 

The  admittance  matrix,  [ Y ] , may  be  determined  from 


where  [s]  is  the  scattering  matrix  defined  by  the  mutual  coupling  coefficients 
and  [ U]  is  the  identity  matrix.  Conversly,  the  scattering  matrix  may  be  found 
from  the  admittance  matrix  from  the  expression 


* 


Once  the  admittance  matrix  is  determined  from  equation  (2),  the  active  admit- 
tance of  the  ^th  element  of  the  array  is  given  by 


i active  - ^ 

j-1 


ij 


(A) 


The  effect  of  the  accuracy  of  computation  of  the  Y„s  on  the  active 
admittance  may  be  evaluated  by  introducing  a small  random  variation  (magnitude 
and  phase)  on  the  Y„s  of  equation  (A). 

Sone  preliminary  calculations  were  made  with  a 19-element  array  in  the 
configuration  shown  in  Figure  16.  The  active  admittance  of  the  center  element 
of  the  array  was  calculated  after  introducing  three,  five  and  ten  percent 
maxinun  random  variation  in  the  magnitude  and  phase  variations  from  0°  to  20° 
in  each  of  the  elements  of  the  admittance  matrix. 

Preliminary  computations  indicated  that  the  size  of  the  array  chosen 
may  have  been  too  small  to  obtain  meaningful  results. 


I* 1.211"  H 

a)  array  slot  dimensions 


b)  19  - element  array  configuration 


Figure  16.  Slot  Configuration  of  Assumed  Planar  Array  Model 


4.0 


RECOMMENDATIONS  FOR  FURTHER  INVESTIGATIONS 


Radiation  patterns  of  arrays  on  conical  or  other  more  generally  curved 
surfaces  may  be  computed  by  application  of  the  equivalence  principle  teoi,  ique. 
The  eqivalence  principle  technique  allows  the  pattern  synthesis  to  be  carried 
out  by  using  a convenient  reference  source  located  within  the  curved  surface 
and  by  determining  the  fields  of  the  reference  source  over  that  surface;  from 
these  fields  the  equivalent  sources  on  the  surface  can  be  determined.  The 
application  of  the  technique,  however,  will  require  the  development  of  a 
conputer  program  with  an  improved  element  pattern.  The  modal  series  solution 
can  be  used  to  check  the  accuracy  of  the  equivalence  principle  technique. 

In  addition,  another  computer  program  which  calculates  sum  and  dif- 
ference patterns  of  a conical  array  has  been  modified  to  take  into  account 
quantization  effects.  Although  this  program  uses  simple  approximations  to 
the  element  patterns  of  the  slots  on  the  cone  and  does  not  take  into  account 
mutual  coupling,  it  can  calculate  difference  patterns  and  can  be  used  to  obtain 
a measure  of  the  sensitivity  of  the  null  depth  when  the  following  three 
parameters  are  quantized:  1)  polarization  rotation,  2)  phase,  and  3)  amplitude. 
In  an  actual  array  it  is  very  likely  that  these  parameters  will  be  varied  by 
digital  hardware  devices.  The  preliminary  results  of  the  program  using 
quantized  parameters  are  encouraging.  Additional  computations,  however,  are 
necessary  for  an  accurate  assesment  of  the  sensitivity  of  the  null  on  the 
quantization  of  the  above  three  parameters. 

During  the  period  of  this  contract  the  problem  of  mutual  coupling 
between  slots  on  a cylinder  was  also  addressed  in  great  detail.  However, 
additional  mutual  coupling  computations  on  cylindrical  structures  should  be 
performed  for  various  slot  shapes  and  spacings.  The  exact  modal  series 
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solution  should  be  used  for  small  slot  separations  and  the  most  accurate  of  the 
available  asymptotic  solutions  for  large  slot  separations.  The  computations  by 
the  two  differenct  methods  should  encompass  overlapping  regions  for  the  specific 
slot  configuration.  The  results  could  be  tabulated  for  future  reference  in 
the  design  of  arrays  on  curved  surfaces. 

Since  mutual  coupling  for  large  slot  separations  can  be  computed  only 
approximately  at  the  present  time,  it  is  desirable  to  know  the  sensitivity  of 
the  slot  admittance  and  null  pattern  on  the  calculated  or  measured  admittance. 

It  is  felt  that  the  sensitivity  study  can  be  performed  by  considering  a planar 
array  model  of  moderate  size  and  lattice  structure  commensurate  with  one  that 
would  be  used  on  a curved  surface.  This  approach  is  most  appropriate,  since 
the  planar  array  computer  program  is  available  and  can  be  used  to  derive 
appropriate  scattering  coefficients. 
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APPENDIX 


Because  of  the  complex  geometry  of  the  conical  array  and  the  wide  range 
of  angles  over  which  it  is  required  to  scan,  it  is  necessary  to  have  control 
over  the  polarization  angle  of  the  signal  radiated  by  each  element  as  well  as 
the  phase.  If  polarization  control  is  not  available,  an  excess  amount  of  power 
will  be  lost  into  the  cross-polarized  signal  at  certain  scan  angles  and  certain 
angles  of  preferred  polarization.  Rotation  of  th<  mgle  of  polarization  of  an 
element  can  be  accomplished  by  controlling  the  amplitude  of  the  signal  fed  to  the 
two  perpendicular  arms  of  the  element  (assuming  the  element  to  be  a crossed  slot) 
If  a circular  waveguide  element  is  used,  then  two  orthogonal  TEjj  modes  will 
need  to  be  excited  separately  in  the  guide.  A variable  power  divider  with  a 
range  of  zero  to  unity  behind  the  element  would  be  one  approach  to  polarization 
control.  However,  in  addition  to  the  power  divider,  a 0 to  180-degree  phase 
shifter  would  be  required  in  one  branch  line  to  enable  the  polarization  to  be 
thrown  into  another  quadrant.  This  geometry  is  illustrated  in  Figure  A-l. 
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Figure  Al.  Geometry  of  Variable  Polarization  Elements. 
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It  can  be  seen  from  Figure  A-ia  that  a unity  amplitude  signal  will  be 
radiated  at  a polarization  angle  of  ip  in  the  first  quadrant  if  the  two  per- 
pendicular components,  E^  and  Eg,  have  amplitudes  of 

E , = E cos  u> 

<P 

Eg  = E sin  ip 

Variation  of  the  power  uniformly  from  "all  to  the  E^  branch"  to  "all  to  the 
Eg  branch"  will  rotate  the  polarization  throughout  the  quadrant.  For  the 
polarization  to  move  into  an  adjacent  quadrant,  the  sign  of  one  of  the  com- 
ponents must  be  changed.  Such  a change  is  most  easily  done  by  a 180-degree 
phase  shift  of  the  signal  in  that  branch.  Figure  A-lb  shows  the  Eg  - com- 
ponent reversed  in  direction  with  the  resultant  polarization  rotated  into 
the  fourth  quadrant.  The  polarization  does  not  have  to  be  shifted  into  the 
other  two  quadrants  because  a 180-degree  phase  shift  in  the  main  signal  line 
is  equivalent  to  a 180-degree  rotation  of  the  polarization.  A full  range  phase 
shifter  that  incorporates  a 180-degree  bit  would  be  available  in  the  main  line 
to  the  element  for  the  electronic  steering  function. 

The  complete  phase-shifting  and  polarization-rotating  system  required  for 
each  element  would  thus  require  a phase  shifter,  a variable  power  divider, 
and  a 0 to  180-degree  phase  shifter  in  one  branch  line.  In  practice,  all 
components  would  be  digital,  and  the  phase  shifter  would  probably  be  a 
3-bit  unit  to  give  a phase  shift  capability  of  0 to  315  degrees  in  45-degree 
steps.  The  variable  power  divider  would  also  be  a 3-bit  unit  to  provide 
polarization  rotation  capability  from  0 to  90  degrees  in  steps  of  22.5  degrees. 
The  branch  line  phase  shifter  would  have  1 bit  (0  to  180  degrees)  to  shift 
the  polarization  into  the  fourth  quadrant. 

This  assembly  has  several  disadvantages:  (1)  it  is  asymmetrical  (i.e., 

it  has  a 0 to  180-degree  phase  shifter  in  only  one  branch  line);  hence,  losses 
would  be  greater  in  the  branch  containing  the  phase  shifter;  (2)  variable 
power  dividers  are  generally  complex  and  not  easily  electronically  controllable 
and  (3)  the  complete  assembly  would  be  excessively  long. 


Some  of  these  objections  can  be  overcome  by  combination  of  the  phase- 
shifting  and  polarization-rotation  functions  into  a single  device.  Such  a 
device  could  consist  of  two  hybrids  separated  by  3-bit  phase  shifters  as 
shown  in  Figure  A-2.  Each  3-bit  phase  shifter  would  have  eight  states.  For 
each  state  of  one  of  the  phase  shifters,  the  other  could  assume  any  one  of 
its  eight  states,  so  that  the  device  would  have  a total  of  64  states.  It  can 
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PHASE  SHIFT  CAPABILITY:  0 TO  315°  IN  STEPS0F  «5°  EV  - 0 5 El«d  101  - t'10*! 

POLARIZATION  ROTATION  CAPABILITY  0 TO  337  5°  IN  STEPS  OF  22  5°  fH  • 0 5 |E  («  1 ' • • |v  2) 


Figure  A-2.  Combined  digital  phase-shifter/polarization-rotator 
for  conical  phased  array. 

be  shown  that  the  two  output  signals  of  this  device  would  be  either  exactly 
in-phase  with  each  other  or  exactly  180  degrees  out-of-phase  regardless  of 
the  settings  of  the  phase  shifters.  As  a result,  all  the  states  would  generate 
linearly  polarized  waves  when  the  outputs  were  connected  to  orthogonal  terminals 
of  a radiator. 

It  is  desirable  that  the  polarization  be  stepped  in  relatively  small  steps 
so  that  the  cross-polarized  component  will  remain  low.  With  22.5-degree  steps, 
the  largest  polarization  error  is  11.25  degrees,  which  puts  the  maximum  cross- 
polarized  component  from  any  one  element  14.2  dB  below  the  preferred  component. 
On  the  average  it  will  be  on  the  order  of  20  dB  down.  if  the  polarization  had 
to  be  stepped  entirely  around  the  360-degree  circle  in  22.5-degree  steps,  16 
positions  would  be  required  implying  a 4-bit  polarization-rotator.  However, 
as  discussed  above,  half  of  these  states  can  be  obtained  by  a 180-degree  phase 
shift  and  are  thus  redundant.  It  will  be  satisfactory  if  the  combined  phase- 


shifter/polarization-*rotator  rotates  the  phase  between  -67.5  degrees  and  +90 
degrees  in  vp  in  22.5-degree  steps.  This  rotation  requires  eight  positions 
and  hence  uses  up  8 of  the  64  states  available  from  the  device.  Since  a 
certain  number  of  bits'of  phase  shift  control  is  required  for  each  polarization 
angle,  the  total  number  of  states  required  is  the  product  of  the  number  of 
states  specified  for  phase  shifting  and  the  number  of  states  required  for 
polarization  rotation.  With  8 states  allocated  to  polarization  rotation,  this 
implies  that  there  are  eight  states  available  for  phase  shifting  at  each 
polarization  angle.  These  eight  states  imply  a 3-bit  phase  shifting  capability 
so  that  phase  shifting  must  be  done  in  steps  of  45  degrees.  This  arrangement 
is  considered  adequate  for  most  arrays  that  have  a large  number  of  elements. 

The  phase  and  polarization  states  available  from  the  combination  device 
are  given  Table  A-l.  As  can  be  seen,  the  phase  states  available  shift  by 
22.5  degrees  between  adjacent  polarization  states.  For  a planar  phased  array, 
this  shift  is  no  problem  because  all  elements  would  have  the  same  polarization 
angle  at  any  one  time.  In  the  conformal  phased  array,  an  effect  will  be 
noticed  at  some  scan  angles  when  some  of  the  elements  will  need  to  be  rotated 
to  slightly  different  polarization  angles  in  relation  to  the  geometry  of  the 
surface  to  obtain  the  lowest  cross-polarized  component  at  the  beam  peak. 
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NOTE:  The  numbers  at  each  location  refer  to  the  phase-shifter  settings 

required  to  obtain  the  indicated  phase  and  polarization  angle.  The 
first  number  is  for  the  phase  shifter  in  the  upper  line,  and  the 
second  for  the  lower  (in  Figure  A-2). 
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Flush  mounted  slot  antenna  systems  on  metallic  cones  or  ogival  surfaces  can  be 
inertlalessly  scanned  in  the  required  direction.  Since  scanning  over  a wide 
angular  region  is  generally  desired,  the  radiation  characteristics,  including 
the  effect  of  mutual  coupling  on  the  radiating  elements,  must  be  investigated 
before  the  more  detailed  system  aspects  are  considered.  To  this  end.  various 
approximation  techniques  have  been  examined  for  use  in  pattern  calculations  and 
in  impedance  calculations.  These  include  the  approximate  asymptotic  approach 
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and  the  equivalence  principle  technique.  The  approximation  techniques  provide 
simplified  computations  as  compared  with  the  exact  technique,  and  are  not  ap- 
plicable to  all  conditions.  A combination  of  exact  and  approximation  tech- 
niques is  generally  required  to  design  or  analyze  an  array. 

The  approximate  asymptotic  approach,  which  allows  the  separation  of  the 
diffracted  field  and  gebmetrical  optics  fields,  has  been  examined  in  detail. 

It  appears  that  the  asymptotic  representation  of  the  Legendre  function  chosen 
for  the  analysis  leads  to  divergent  expressions  as  the  mode  number  m is 
increased,  and  hence  limits  the  usefulness  of  the  asymptotic  aporoach  in  the 
present  problem.  The  divergent  nature  of  the  asymptotic  expression  is  verified 
by  computed  radiation  patterns  of  several  azimuthal  modes. 

A computer  program  is  being  developed  to  apply  the  equivalence  principle 
technique  to  a conical  surface.  vThe  new  program  will  employ  an  improved 
element  pattern  over  previous  versions  with  an  array  lattice  identical  to  that 
used  by  the  companion  program  for  phase  and  polarization  quantization. 
Preliminary  computed  patterns  show  that  degradation  due  to  quantization  of  the 
polarization-rotation  and  phase  shift  is  not  severe.  In  addition,  mutual 
admittance  calculations  of  slots  on  a cylinder  have  been  made  using  the  har- 
monic series  solution.  The  cylinder  is  taken  as  the  test  model  for  other 
configurations,  since  the  harmonic  series  results  in  precise  calculations  of 
mutual  coupling  for  the  cylinder.  These  calculations  have  been  used  to  check 
the  accuracy  of  an  alternative  modal  solution  which  can  be  used  to  compute 
mutual  admittance  between  slots  with  large  axial  separation. 
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